ABSTRACT: Generating aptamers that bind to specific metal ions is challenging because existing aptamer discovery methods typically require chemical labels or modifications that can alter the structure and properties of the ions. In this work, we report an aptamer discovery method that enables us to generate high-quality structure-switching aptamers (SSAs) that undergo a conformational change upon binding a metal ion target, without the requirement of labels or chemical modifications. Our method is more efficient than conventional selection methods because it enables direct measurement of target binding via fluorescence-activated cell sorting (FACS), isolating only the desired aptamers with the highest affinity. Using this strategy, we obtained a highly specific DNA SSA with ∼30-fold higher affinity than the best aptamer for Hg 2+ in the literature. We also discovered DNA aptamers that bind to Cu 2+ with excellent affinity and specificity. Both aptamers were obtained within four rounds of screening, demonstrating the efficiency of our aptamer discovery method. Given the growing availability of FACS, we believe our method offers a general strategy for discovering high-quality aptamers for other ions and small-molecule targets in an efficient and reproducible manner.
M
etal ions play important roles in many biological and environmental systems. For example, metal ions are implicated in neurodegenerative diseases; 1 specifically, Cu 2+ is associated with the aggregation of amyloid-β (Aβ) peptides 2 in Alzheimer's disease. 3 Furthermore, mercury and cadmium ions are environmental contaminants that are toxic to humans. 4−8 Thus, the ability to detect and quantify metal ions without cumbersome laboratory instruments such as a mass spectrometer would be of considerable value in the field and help clarify the relationship between changes in metal ion concentrations and disease states. 9, 10 The development of such biosensors requires affinity reagents that bind specifically to the target metal ions. Unfortunately, monoclonal antibodiesthe gold standard of affinity reagentsare notoriously difficult to generate for metal ions, because they typically do not elicit sufficient immune responses in animals. 11, 12 Thus, there is an urgent need for alternative affinity reagents that can bind to specific metal ions.
Aptamers offer an interesting alternative to antibodies, because they are discovered through in vitro screening methods 13, 14 rather than relying on in vivo processes, 15 bypassing hurdles related to target immunogenicity. A number of groups have generated metal ion-binding aptamers for a variety of useful applications. For example, Chung and coworkers demonstrated the use of DNA aptamers to directly detect Pb 2+ and Hg 2+ in serum. 16 Similarly, Li and Long 17, 18 used DNA aptamers that bind to Hg 2+ to monitor water quality. The discovery of aptamers using conventional systematic evolution of ligands by exponential enrichment (SELEX) typically requires chemical labeling or modifications of the target. For example, chemical linkers are commonly used to immobilize the target molecule onto a solid support, and fluorescence reporters are often conjugated to the target molecule for detection. 19−21 Unfortunately, these options are challenging to implement for metal ions and other small molecules, as they would significantly affect their structure 22 and chemical properties. 23 Therefore, it would be most desirable to have a screening method that works with the target in solution, without any need for target labeling or attachment to a solid support. In this work, we describe an aptamer discovery method that can efficiently produce high-quality structure-switching DNA aptamers (SSA) that undergo large conformational changes upon binding to their metal ion target, without any labels or chemical modifications. Our aptamer discovery method (called structure-switching particle display, or SS-PD) transforms solution-phase aptamers into "aptamer particles" through emulsion polymerase chain reaction (PCR) 21, 24 and then uses fluorescence-activated cell sorting (FACS) to directly measure the binding interactions between each aptamer particle and the target metal ion, individually isolating only the desired aptamers with the highest affinity ( Figure 1 ). SS-PD is highly efficient:
within four rounds, we obtained DNA aptamers for Hg 2+ with ∼30-fold higher affinity than a previously described aptamer for this ion. We also discovered DNA aptamers that bind to Cu 2+ with excellent affinity and specificity within three rounds of SS-PD.
RESULTS AND DISCUSSION
Overview of SS-PD Screening. To directly measure the binding of metal ions to aptamers, we converted the solutionphase aptamer library into monoclonal aptamer particles using emulsion PCR 21 ( Figure 1, step 1) . Briefly, we made water-inoil droplets that contain PCR reagents and paramagnetic particles with covalently conjugated DNA forward primers. The droplets contained, on average, no more than one aptamer template, following a Poisson distribution (see Methods). We then performed PCR within the droplet to create a library of aptamer particles. Each aptamer particle displays approximately 2 × 10 5 copies of a single aptamer sequence on its surface ( Figure 1, step 2 ).
Our aptamer library design enables us to directly measure the binding of individual aptamer particles to metal ions without any labels, solid support, or modifications. This design, first described by Nutiu and co-workers, 25 features a constant domain in the center of the aptamer flanked by two random domains that are screened for metal ion binding (Figure 2A ).
The constant domain is initially hybridized to a complementary, fluorescently labeled (Alexa Fluor 647) "red reporter" DNA strand. If the binding of the metal ion to the random domains is sufficiently strong, it can cause the red reporter to dehybridize from the constant domain ( Figure 2B ). Release of the red reporter causes a decrease in the red fluorescence of the aptamer particle that can be readily detected by FACS. To normalize the density of the aptamers on the surface of each aptamer particle, we also incorporated a "green reporter" complementary DNA strand, labeled with carboxyfluorescein, which hybridizes to the reverse primer-binding domain of the aptamer (see Methods for sequence and fluorophore information).
Once the red and green reporters are hybridized to the aptamer particles ( Figure 1, step 3) , we perform the "binding screen" by incubating the library of aptamer particles with the metal ions (step 4). As described above, aptamer particles with high affinity for the metal ions display a reduced red fluorescence (as the red reporter is released), while retaining green fluorescence. These aptamer particles with low red fluorescence are sorted and collected via FACS (step 5). After the binding screen, we use heat to release the metal ions and green reporters from the collected aptamer particles. We then rehybridize these particles with both red and green reporters and perform a "folding screen" in the absence of the metal ion target (step 6), isolating only those particles that exhibit both strong red and green fluorescence (step 7, inset). In this way, the folding screen eliminates false positive aptamer particles that release the red reporter without the target (presumably Figure 1 . Overview of the SS-PD screening method: (1) The solution-phase aptamer library is combined with forward primerconjugated magnetic particles, (2) then subjected to emulsion PCR to produce monoclonal aptamer particles, which are (3) hybridized with red and green reporters. After (4) incubation with a target metal ion, (5) we perform a "binding screen" using FACS to isolate aptamer particles with high green and low red fluorescence. (6) We then elute the green reporters and metal ion targets from the selected aptamer particles and rehybridize them with red and green reporters. (7) Self-hybridizing, false-positive aptamer particles are then eliminated with a "folding screen", which discards aptamer particles that cannot rehybridize to the red reporter. (8) Aptamer particles that survive both FACS screens are either PCR amplified and subjected to additional screening or (9) cloned and sequenced. through self-hybridization). Although the folding screen may decrease the diversity of the aptamer pool, this step allows us to identify aptamers with the desired structure switching function. Aptamer particles that survive both the binding and folding screens are amplified through PCR and used for the next round of screening (step 8) or for sequencing (step 9).
SS-PD Screen for Hg 2+ Aptamers. As an initial demonstration, we performed four rounds of SS-PD to obtain aptamers that bind specifically to Hg 2+ ions. In each round, we systematically increased the screening stringency by decreasing the target concentration (see Table S1 ). We started with 1 mM Hg 2+ in rounds 1 and 2 and then dropped the concentration to 500 μM (round 3) and 50 μM (round 4). The binding screen results are shown in Figure 3A , and folding screen results are shown in Supplemental Figure S1 . We observed clear enrichment of Hg 2+ -binding aptamers in four rounds ( Figure  3A) . In round 1, only 0.4% of aptamers exhibited signal above background at 1 mM Hg
2+
. This is calculated by taking the difference between the aptamer population in the sort gate at 1 mM Hg 2+ (0.6%) versus the population in the sort gate with no Hg 2+ (0.2%). By round 4, 1.6% of the aptamers showed binding even at a 20-fold lower concentration of Hg 2+ (50 μM). We stopped after four rounds because the output of the fourth round of screening exhibited a change in red fluorescence similar to that of the pool generated in round 3 at the same Hg 2+ concentration (see Supplemental Figure S2 ).
To identify the sequences of individual aptamers in this final R4 pool, we cloned it into the pCR4-TOPO vector and transformed it into competent E. coli cells. Interestingly, we found that many of the aptamers contained point mutations and truncations within the constant domain and primer-binding sites. Similar results have been previously reported for smallmolecule structure-switching aptamer selection. 26 We believe these are partly the result of selection pressure that favors constant domains with lower hybridization energy to the red reporter, with the mutation process exacerbated by the presence of Hg 2+ during PCR. 27 We chose seven clones with unaltered primer-binding domains and fewer than five point mutations or truncations in the constant domain for further analysis (sequences shown in Table S2 ).
To rapidly identify the aptamers that bind most strongly to Hg 2+ , we synthesized seven sets of aptamer particles, each displaying multiple copies of a single aptamer sequence and hybridized the red reporters. We then measured red reporter release at various concentrations of Hg 2+ to obtain the IC 50 : the concentration at which the red fluorescence drops to half its maximum value. All sequences and their IC 50 values are shown in Table S2 . The IC 50 values ranged from 2.27 to 26.35 μM. The SSA-HgII aptamer showed the best IC 50 (2.27 ± 0.76 μM), as shown in Figure 3B .
We note that the IC 50 is different from the true equilibrium dissociation constant (K D ). This is because the IC 50 is measured in the presence of the red reporter, which acts as a binding competitor. The theoretical relationship between IC 50 and K D for our aptamer design is provided in Methods. To experimentally obtain the K D of SSA-HgII, we used a microscale thermophoretic technique 28 without hybridizing the red reporter to the aptamer. This technique utilizes the difference in the mobility of target-bound and unbound aptamers in response to a temperature gradient to obtain the K D (see Methods). The K D of SSA-HgII was 1.49 ± 0.28 μM (Supplemental Figure S3A) , which is approximately 30-fold better than a previously published Hg 2+ aptamer 29 measured with the same method (see Supplemental Figure S3B ). SSAHgII does not share sequence homology with this previously reported Hg 2+ aptamer, 29 suggesting that the mechanisms of binding are different between the two aptamers. Interestingly the affinity of a truncated derivative of SSA-HgII, containing 30 contiguous selected bases, without the constant domain, was approximately 4-fold higher than the full-length SSA-HgII aptamer (Supplemental Figure S3C) , suggesting that the In each plot, the blue solid box denotes the sort gate and the dashed box denotes the reference gate. The red dots in the plot indicate those aptamer particles that are hybridized to both the red and green reporters. The output of each round n (labeled as Rn on the right side of each plot) is tested and sorted in the next round (per the dashed arrow). (B) IC 50 measurement for SSA-HgII. Error bars represent the standard deviation from 10 000 particle measurements. These data fit well to our theoretical model of IC 50 (see Methods).
constant domain does not participate in binding of Hg 2+ to the aptamer. Nuclear magnetic resonance (NMR)-based structural studies are under way to gain a deeper understanding of this binding mechanism.
SS-PD Screen for Cu 2+ Aptamers. To show that the SS-PD platform is generalizable to other metal ion targets, we also identified aptamers for Cu 2+ , a target for which no aptamers have been described in the literature. We achieved a high degree of enrichment in just three rounds of SS-PD. Binding screen results are shown in Figure 4A , and folding screen results are shown in Supplemental Figure S4 . In the first round, only 0.6% of aptamers exhibited signal above background at 400 μM Cu 2+ . This is calculated by taking the difference between the aptamer population in the sort gate at 400 μM Cu 2+ (0.8%) versus the population in the sort gate without Cu 2+ (0.2%). By round 3, we observed a similar difference in the aptamer population, but at a ∼16-fold lower Cu 2+ concentration (25 μM). This indicates significant enrichment of Cu 2+ -binding aptamers.
We stopped after three rounds of SS-PD because the aptamers resulting from round 3 exhibited a similar change in red fluorescence in comparison to those resulting from round 2 at the same Cu 2+ concentration (see Supplemental Figure S5 ). We cloned the aptamers resulting from round 3 and chose two sequences with no mutations in the primer-binding domains and fewer than five point mutations/truncations in the constant domain (sequences shown in Table S2 ). We note that we observed a similar mutation rate for this Cu 2+ screening process to that for the previously described Hg 2+ screening process. The SSA-CuII aptamer exhibited the strongest binding, with an IC 50 of 47.15 μM (Figure 4B ). Unfortunately, we were unable to determine the K D of the SSA-CuII aptamer using microscale thermophoresis because Cu 2+ causes quenching of the fluorescence signal. 30 However, given that the IC 50 and K D values were very close to each other for the SSA-HgII aptamer (within a factor of 2), we also expect the K D of SSA-CuII to be similar to its IC 50 .
Hg 2+ and Cu 2+ Aptamers Exhibit High Specificity. We quantified the specificity of our SSA-HgII and SSA-CuII aptamers and found that they show minimal binding to other divalent metal ions. We synthesized aptamer particles displaying SSA-HgII and SSA-CuII and hybridized them with the red reporter. We then measured the change in red fluorescence after incubating with Ca 2+ , Mg 2+ , Pb 2+ , and Zn 2+ ; we also challenged SSA-HgII and SSA-CuII with Cu 2+ or Hg 2+ , respectively (see Methods for methods). Both aptamers were highly specific and showed minimal binding to these nontarget ions ( Figure 5 ). As shown in Figure 5A , the Hg 2+ aptamer SSAHgII shows minimal binding to the nontarget divalent metal ions tested. Similarly, the Cu 2+ aptamer SSA-CuII also shows minimal cross reactivity ( Figure 5B ).
CONCLUSION
We report a screening strategy that employs direct binding measurement to efficiently isolate high-quality structure-switching aptamers for metal ion targets without labeling, solid support, or chemical modifications. Using our SS-PD screening method, we obtained a DNA SSA for Hg 2+ with ∼30-fold higher affinity than existing aptamers and also discovered SSA for Cu 2+ with excellent specificity. The label-free nature of our approach offers a critical advantage, ensuring minimal interference in aptamer−target interaction, and our two-color reporter system generates the self-calibrated fluorescent binding signals needed for FACS-based aptamer isolation. Although we used metal ions as the target in this work, we believe it should be feasible to use SS-PD to generate DNA SSAs for a broad spectrum of small-molecule targets with minimal alteration to the method. In this way, we believe SS-PD offers a highly accessible method for the research community to generate high-quality aptamer reagents against challenging molecular targets in an efficient and reproducible manner.
METHODS
DNA and Library Preparation. The single-stranded DNA (ssDNA) library, primers, and selected aptamer sequences were purchased from Integrated DNA Technologies (IDT). The nucleic acid library was synthesized with hand mixing and normal desalting purification. Each 97-nucleotide (nt) library member featured a 21-nt constant domain (with TTT sequences at either side) between a pair of randomized domains (10-and 20-nt), which were in turn flanked by Coupling FPs to Particles. A 500 μL amount of 1 μm MyOne carboxylic acid magnetic particles (10 7 /μL, Life Technologies) was washed once with 500 μL of 0.01 N NaOH and five times with 500 μL of nuclease-free water, then resuspended in a 150 μL reaction mixture containing 200 mM NaCl, 0.2 mM 5′-amino-modified FP (5′-amino-PEG18-CCTCTCTATGGGCAGTCGGTGAT-3′), 1 mM imidazole chloride, 50% v/v dimethyl sulfoxide (DMSO), and 250 mM 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC). Amino group modification enables covalent coupling, keeping FPs attached to the particles during thermal cycling. 5′-PEG18 was incorporated as a spacer to minimize undesired interactions among the aptamers on the particle surface. Magnetic particles were mixed well with the above reagents and then vortexed, sonicated, and incubated overnight at room temperature on a rotator. After coupling was complete, we passivated the particle surfaces with PEG12. This was done by converting the remaining carboxyl groups on the particles to aminoreactive NHS-ester in the presence of 250 mM EDC and 100 mM Nhydroxysuccinimide (NHS) in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (100 mM, pH 4.7) for 30 min at room temperature, followed by conjugation with 20 mM amino-PEG12 in MES buffer for 1 h. The particles were washed four times with 500 μL of 1× TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA), then resuspended in 500 μL of 1× TE buffer and stored at 4°C. Unless otherwise specified, all chemical reagents were purchased from Pierce Biotechnology.
Aptamer Particle Generation. We generated our aptamer particles via emulsion PCR. The oil phase (prepared fresh each day) was composed of 4.5% Span 80, 0.45% Tween 80, and 0.05% Triton X-100 in mineral oil, all purchased from Sigma-Aldrich. The aqueous phase consisted of 1× GoTaq PCR Master Mix (Promega), 25 mM MgCl 2 , 3.5 mM of each dNTP (Promega), 40 nM FP, 3 μM reverse primer (RP), 0.25 U/μL of GoTaq Hot Start Polymerase (Promega), 2 pM template DNA, and 3 × 10 8 FP-coated particles in a total volume of 1 mL. Water-in-oil emulsions were prepared by adding 1 mL of the aqueous phase to 7 mL of oil phase in a DT-20 tube (IKA) locked into the Ultra-Turrax device (IKA). This addition was performed dropwise over 30 s while the mixture was being stirred at 620 rpm in the UltraTurrax. After adding the aqueous phase, we continued stirring the mixture for 5 min. The emulsions were distributed in 100 μL aliquots into ∼80 wells of one 96-well PCR plate.
We performed PCR under the following cycling conditions: 95°C for 3 min, followed by 50 cycles of 93°C for 15 s, 59°C for 30 s, and 72°C for 75 s. After PCR, the emulsions were collected into an emulsion collection tray (Life Technologies) by centrifuging at 500g for 2 min. We broke the emulsions by adding 10 mL of 2-butanol to the tray and transferred the collected sample to a 50 mL tube. After vortexing for 30 s, the particles were pelleted by centrifugation at 3000g for 5 min. After carefully removing the oil phase, we resuspended the particles in 1 mL of emulsion breaking buffer (100 mM NaCl, 1% Triton X-100, 10 mM Tris-HCl, pH 7.5, and 1 mM EDTA) and transferred them to a new 1.5 mL tube. After resuspending the particles via vortexing and centrifugation for 1 min at 21000g, we carefully removed the supernatant and transferred the particles to a new 1.5 mL tube. We repeated this washing step one more time and then placed the tube on a magnetic separator (MPC-S, Life Technologies) and pipeted off the remaining supernatant. Particles were washed once with 1× TE buffer using magnetic separation, then resuspended in 100 μL of 1× TE buffer.
To generate ssDNA, we magnetically concentrated the particles for 1 min and removed the supernatant with a pipet tip. We then resuspended the particles in 200 μL of 100 mM NaOH and incubated them for 20 min. We placed the tube in the magnetic separator for 1 min and carefully removed the supernatant. Particles were washed twice with 1× TE buffer using magnetic separation and then resuspended in 100 μL of 1× TE buffer.
SS-PD Screening. Prior to the screen, aptamer particles were hybridized with 2 μM each of red reporter and green reporter, as well as an FP-complementary oligonucleotide in PBSMCT buffer (DPBS with 2.5 mM MgCl 2 , 1 mM CaCl 2 , 0.025% Tween 20) for Hg 2+ . For Cu 2+ selection, we used MESSM buffer (MES with 100 mM NaCl, 2 mM MgCl 2 , and 0.025% Tween 20) instead of PBSMCT, because Cu 2+ has a strong interaction with phosphate groups in the PBSMCT buffer. Approximately 80% of the aptamer particles after emulsion PCR are predicted to display only FP on their surface based on Poisson statistics and thus should not exhibit significant binding to the small-molecule targets. These FP-only particles serve as an excellent negative control for establishing the "reference gate" (Figure 3 and Figure 4 , dashed boxes). During each binding screen, we incubated ∼10 8 aptamer particles in 2 mL of PBSMCT with Hg 2+ or in 2 mL of MESSM with Cu 2+ for 20 min at room temperature. Target concentrations used for each round are listed in Table S1 . Twocolor labeling allowed us to monitor the population of aptamer particles displaying structure-switching, low-affinity, and self-hybridizing aptamers via flow cytometry (BD FACS Aria II). The FACS Aria II instrument provides quantitative information as it counts the number of particles that pass through the interrogation region. When gates are drawn around a population of interest, the Aria II instrument displays the percentage of particles in a given gate. The Aria II also counts the Figure 5 . Specificity measurements of our metal ion-binding aptamers. The red bars indicate the signal from an aptamer binding to its target, while the blue bars indicate the signal from nontarget ions. We determined the relative binding of aptamer SSA-HgII at metal ion concentrations of 12.5 μM (A) and aptamer SSA-CuII at metal ion concentrations of 50 μM (B). Error bars represent standard deviations from 10 000 particle measurements.
number of particles that are sorted from a desired gate. We monitored the fluorescence distribution of aptamer particles at a range of different target concentrations (50 μM to 1 mM of Hg 2+ or 25 to 400 μM of Cu 2+ ) and chose the target concentration at which 0.3% to 2% of the aptamer particles displayed a reduction in red fluorescence in response to the target. After collecting the aptamer particles with low red and high green fluorescence, we concentrated the collected aptamer particles and rehybridized them with 2 μM of red reporter, green reporter, and FP complement in the appropriate buffer. These aptamer particles were then washed three times with buffer and sorted via FACS in the absence of target for the folding screen. This time, we isolated aptamer particles that showed high levels of both red and green fluorescence. After collecting these aptamer particles, we PCR amplified the isolated aptamers to generate an enriched pool for a subsequent round of aptamer particle synthesis.
Cloning and Sequencing. The SS-PD pool from the final round for HgCl 2 (R4) and CuCl 2 (R3) was cloned using a TOPO TA cloning kit (Life Technologies). Following PCR of the pool from the final round, the DNA was directly inserted into the pCR4-TOPO plasmid vector. The vectors were then transformed into chemically competent TOP10 E. coli cells. The cells were grown overnight on kanamycin-treated plates at 37°C. We picked clones from 40 individual bacterial colonies from each pool and sent them off for Sanger sequencing (Genewiz).
Monoclonal Aptamer Particle Synthesis. After cloning and sequencing, we identified the subset of sequences with the fewest truncations or point-mutations in the constant domains and performed particle PCR to synthesize aptamer particles displaying each of these unique aptamer sequences. We first performed asymmetric PCR directly from the colonies. Each 50 μL reaction contained 1× GoTaq PCR Master Mix (Promega), 100 nM FP, and 1 μM unlabeled RP. We added template by touching a pipet tip into the desired colony and then using this pipet tip to mix the 50 μL of PCR mixture. We used the following PCR conditions: 95°C for 2 min followed by 20 cycles of 95°C for 15 s, 59°C for 30 s, and 72°C for 45 s, followed by a 7 min final extension at 72°C. We then synthesized monoclonal aptamer particles by using the asymmetric PCR product for particle PCR. Each 60 μL particle PCR contained 1× GoTaq PCR Master Mix (Promega), 20 mM MgCl 2 , 1 μM green reporter (FAM-modified RP), 3 μL of asymmetric PCR product. and 3 × 10 7 FP-coated particles. PCR was carried out at 95°C for 2 min followed by 24 to 32 cycles of 95°C for 15 s, 59°C for 30 s, and 72°C for 75 s, followed by a 7 min final extension step at 72°C. To avoid aggregation of the particles, we mixed the reactions by vortexing and sonicating the reagent tubes every four cycles in the middle of the 72°C elongation step. Particle PCR progress was monitored and adjusted according to the FAM fluorescence intensity of the aptamer particles, as measured by flow cytometry. Following amplicon generation on the surface of the particles, we removed the reverse strand by treatment with 200 μL of 100 mM NaOH for 20 min.
Flow Cytometry-Based IC 50 Assays. Following cloning, sequencing, and particle PCR, we determined the IC 50 value of all sequences by a flow cytometry binding assay. The aptamer particles were hybridized with 2 μM red reporter, green reporter, and FP complementary strands in PBSMCT buffer for Hg 2+ or MESSM buffer for Cu 2+ aptamer particles and then washed three times with buffer to remove excess reporters and FP complement. We incubated 1.5 μL aliquots (∼4.5 × 10 5 beads) of hybridized aptamer particles in 50 μL of buffer with titrations of Hg 2+ ranging from 12.5 to 200 μM or of Cu 2+ ranging from 25 to 800 μM at room temperature for 20 min on a rotator. AlexaFluor 647 fluorescence was then quantitated using an Accuri C6 flow cytometer (BD Biosciences). All IC 50 and K D measurements were obtained using buffers that contained metal ion cofactors, such as Mg 2+ , and these cofactors could help to stabilize aptamer structures in solution. Furthermore, these cofactors may compete with the binding of target metal ions to the aptamer. As a result, it should be noted that the measured IC 50 We subsequently derived the aptamer particle fluorescence F as follows: Reporter . For our experimental conditions, due to the intensive washing of the aptamer particles after hybridizing with the red reporter, the population of free red reporter in solution ([Reporter]) roughly equals that of the aptamers immobilized on the aptamer particles. We estimated this to be 4 × 10 −10 M, equal to the concentration of particles (10 3 /μL) times the coverage of aptamers for each aptamer particle (2.4 × 10 5 ). Given the free energy of hybridization for the red reporter (ΔG = −17.1 kcal/mol), 33 we estimated the dissociation constant to be K D ′ = exp(−ΔG/RT), or ∼10 −12 −10 −11 M, which is consistent with the literature. 34 Given this, we estimate the true dissociation constant K D to be smaller than the measured IC 50 value by approximately an order of magnitude.
Microscale Thermophoresis-Based K D Assays. The true K D s of SSA-HgII, the truncated SSA-HgII, and a previously reported Hg 2+ aptamer, HgA, were experimentally measured by 2Bind (Regensburg, Germany) using microscale thermophoresis assays for molecular interactions. All aptamers were synthesized by IDT with Cy5 fluorophore modifications at the 5′ end. Cy5-labeled aptamers (5 nM) were incubated in PBSMCT buffer with a 2-fold titration series of HgCl 2 ranging from low nanomolar to midmicromolar concentrations. SSA-HgII samples were then analyzed on a Monolith Pico device (NanoTemper Technologies) at 25°C. The K D of the Hg 2+ aptamers was determined based on the fluorescence shift due to normal thermophoresis. Error bars in the plots represent the standard deviation of two measurement trials, and the red solid lines are the fit using the regular binding equation, where binding fraction η = 1/(1 + K D /[Ligand]).
Specificity Assay. The specificity of SSA-HgII and SSA-CuII was tested by challenging monoclonal SSA-HgII and SSA-CuII aptamer particles with various nontarget divalent ions. First, monoclonal SSAHgII and SSA-CuII aptamer particles were hybridized to 2 μM of red reporter, green reporter, and FP complement in PBSMCT buffer for SSA-HgII aptamer particles or MESSM buffer for SSA-CuII aptamer particles and then washed three times with buffer. We aliquoted 1.5 μL (∼4.5 × 10 5 beads) of SSA-HgII or SSA-CuII aptamer particles into 50 μL of buffer with nontarget divalent ions at two different concentrations and incubated them for 20 min at room temperature on a rotator. The concentrations and ions used were 12.5 μM Ca 2+ , Mg 2+ , Pb 2+ , Zn
